The corrosion behavior of AZ31 Mg alloy in the nondeaerated and deaerated dilute NaCl solutions was investigated by electrochemical measurements. The cathodic reaction of AZ31 Mg alloy depends on the hydrogen evolution and the oxygen reduction in nondeaerated media, while that is dominanted by the hydrogen evolution in deaerated media. In the potentiostatic measurements in deaerated media, the current density reached a peak during the initial immersion and then showed a stepwise decrease getting into the passivation state by a homogeneous distribution of the Mg(OH) 2 product with increasing polarization time. It revealed that AZ31 alloy has a better corrosion resistance in deaerated media after long immersion. In the 0.01 mol/L solution, passivation zone was observed in deaerated media polarization up to À1:35 V (vs. SCE) while the corrosion and passivation zones were occurred in nondeaerated media. Potentiodynamic measurements in the 0.01 mol/L NaCl solution containing various concentrations NaHCO 3 showed that the corrosion behavior of AZ31 alloy depends on the NaHCO 3 concentration. It means that the presence of CO 2 naturally in nondeaerated media may affect the corrosion process.
Introduction
Magnesium (Mg) and its alloys are widely used as structural materials in many fields because of their mechanical properties such as low density and high strength-toweight ratio. [1] [2] [3] However, the uses of magnesium and its alloys are not fully realized because of their poor corrosion resistance, especially in saltwater environments. 4, 5) Some researches focused on the effects of CO 2 and O 2 naturally existed in atmospheric environments on Mg alloys. [6] [7] [8] The Mg(OH) 2 film may be transformed into Mg(OH)HCO 3 in the electrolytes in CO 2 -containing atmosphere and the presence of carbonates in the film was reported. 6) In salt solutions and in distilled water saturated with CO 2 , the corrosion rate of Mg alloys was higher than that in similar solutions containing smaller quantities of naturally dissolved CO 2 . 7) In the deaerated Na 2 SO 4 media with various NaHCO 3 concentrations, the corrosion rate was accelerated with increasing [HCO 3 À ] due to the dissolution of MgO and Mg(OH) 2 films. 8) On the other hand, CO 2 was supposed to play a protective role by forming a uniform partly-protective layer of magnesium hydroxyl carbonates on the surface of Mg alloys, which consequently slowed down the average corrosion rate. [9] [10] [11] The hydrogen evolution occurs in both nondeaerated and deaerated media. Oxygen usually does not appear to play a major role on Mg corrosion according to some ref. 8, 12) . The cathodic scans in a NaCl solution saturated with Mg(OH) 2 were unchanged by nitrogen deaeration of the electrolyte. 12) However, in Baril 8) and Brun's 13) work, the current densities were lower and the corrosion resistance was higher in deaerated corrosive condition.
The corrosion behavior of Mg alloys is complex in nondeaerated and deaerated environments from the results reported elsewhere. [6] [7] [8] [9] [10] [11] [12] [13] The cathodic reaction is not fully understood and confirmed. Therefore in the present work, the corrosion behavior of an AZ31 Mg alloy in the nondeaerated and deaerated dilute NaCl solutions was investigated by electrochemical measurements to better understand the influence of the deaerated condition, and to clarify the role of CO 2 and O 2 naturally present in the environment on the material.
Experimental
Experiments were performed on the commercial AZ31 Mg alloy with the chemical composition shown in Table 1 , cylindrical in shape with a dimension of 10 mm Â 10 mm. The specimen was connected with a lead wire and embedded in epoxy resin with the except exposed surface which was one of the round surfaces of the cylinder. The exposed surface was mechanically polished up to 1200 grit SiC paper, then polished with a silica reagent, and finally rinsed with ethanol. The electrochemical measurements were carried out in nondeaerated and deaerated 0:01$0:3 mol/L NaCl solutions or 0.01 mol/L NaCl + 0.0001$0.001 mol/L NaHCO 3 solutions at room temperature. In the nondeaerated condition, the specimen was tested in the solution open to air. For the deaerated experiment, the solution was degassed using pure N 2 gas for 45 min before introducing a working electrode. N 2 gas was bubbled into the solution during the experiment with 20 sccm. Open-circuit potential (E ocp ) of the specimen was monitored in the solutions for 3.6 ks. A potentiodynamic polarization test was performed by scanning the potential with a rate of 1.7 mV/s. The initial potential of cathodic and anodic polarization was À1:70 V and the corrosion potential (E corr , electrode potential just after immersion), respectively. In a potentiostatic polarization test, the specimen was polarized immediately at a given potential after immersion and maintained at this potential for 72 ks. For all the measurements, the same test was repeated at least twice. A saturated calomel electrode (SCE) and a 0.125 mm thick platinum foil (10 Â 20 mm) were used as the reference electrode and the counter electrode, respectively. The E ocp and the potentiodynamic polarization test were carried out using an SDPS-501C electrochemical analyzer (SYRINX Inc., Japan). The potentiostatic polarization test was performed using an SDPS-308 electrochemical analyzer (SYRINX Inc., Japan). The polarized surface morphology was characterized using a VK-8500 laser microscope (KEYENCE Inc., Japan). Figure 1 shows the time variations of the E ocp on AZ31 Mg alloy in the 0.01 mol/L NaCl solution for 3.6 ks. The E ocp value initially increases sharply and then increases slowly with small fluctuations in nondeaerated media ( Fig. 1(a) ). The E ocp value increases in the initial 0.5 ks and then shows a constant value with frequent fluctuations in deaerated media ( Fig. 1(b) ). The increase of E ocp is attributed to the stable growth of the protective Mg(OH) 2 film. 14, 15) The fluctuation of E ocp may be due to the fluctuation of the pH near the surface.
Results and Discussion
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15) The larger fluctuation in deaerated media indicates that the pH value near the surface in nondeaerated media is probably more stable than that in deaerated media. On the other hand, the E ocp value in deaerated media is lower than that in nondeaerated media. Mg(OH) 2 17) studied that the growth of Mg(OH) 2 film was retarded by the diffuse away Mg 2þ and OH À ions by the flow, leading to a decrease of the OCP and the protectiveness on the surface film. It thus can be considered that the decreased E ocp in deaerated media is attributed to an accelerated dissolution of the Mg(OH) 2 film by the flow on degassing, leading to the decrease in the protective surface film. Figure 2 shows the polarization curves of AZ31 Mg alloy in 0:01$0:3 mol/L NaCl solutions. In nondeaerated media in Fig. 2(a) , all specimens show similar cathodic and anodic polarization behaviors. The cathodic current density (I cath ) values rise rapidly to about 0.1 A/m 2 from E corr and then increase gradually to above 1 A/m 2 until À1:70 V. The E corr values maintain a similar value regardless of [Cl À ]. The anodic current density (I ano ) values in 0:01$0:1 mol/L NaCl solutions increase with the applied potentials and then maintain almost unchanged from near E corr to À1:30 V. The similar I ano suggests that the protectiveness of the surface film or the corrosion product layer does not significantly depend on the [Cl À ] in nondeaerated media. The I ano in the 0.3 mol/L solution shows a passive region and increases sharply after the pitting potential (E pit ), À1:36 V. A stepwise increase of I ano after À1:36 V appears in this curve, which probably corresponds to the local breakdown of the surface film.
Potentiodynamic polarization test
In deaerated media in Fig. 2 (b), the I cath is inapparently affected by the [Cl À ] while the I ano is obviously influenced. The I ano values increase accompanied with a shift of E corr to the less noble direction with increasing [Cl À ]. The less noble shift of E corr may be attributed to the formation of the magnesium chloride or the metal-hydroxyl-chloride complex compounds when Cl À ions were absorbed in the surface. This results in an easier anodic dissolution of Mg accompanied by the dissolution of the Mg(OH) 2 films in more concentrated NaCl solutions. 18) It can be concluded that the anodic polarization behaviors depend on the dissolution of Mg and Mg(OH) 2 film in more concentrated and deaerated NaCl solutions. Figure 3 summarizes the I cath at À1:60 V (vs. SCE) far enough from E corr , the E corr on the anodic polarization curve, and the I ano at À1:40 V (vs. SCE) near the pitting potential obtained from the polarization curves. In deaerated media, the I ano values (at À1:40 V) show an obviously increasing tendency while the I cath values (at À1:60 V) exhibit an unconspicuous change with increasing [Cl À ], which result in the less noble shift of E corr . On the other hand, the I ano values (at À1:40 V) and I cath (at À1:60 V) show the unobvious change in nondeaerated media, leading to the similar E corr . This behavior may be attributed that the formation of the protective surface film may prevent the further Mg 2þ dissolution which leads to the lower I ano .
The Mg corrosion in a deaerated neutral solution proceeds according to the following reactions:
The pH of solution increases with the generation of OH À ions, as shown in eq. (2). Then, Mg(OH) 2 is formed on the surface of Mg, as shown in eq. (3). Some researchers suggested that O 2 does not play a major role on Mg corrosion. 8, 12) In this study, however, we have observed the different polarization behaviors in nondeaerated and deaerated media, which could explain the influence of O 2 on the corrosion progress. The I cath in Fig. 2(b) increases from E corr to À1:70 V with increasing [Cl À ]. The cathodic reaction corresponds to the hydrogen evolution (eq. (2)). 7, 9) However, the I cath in Fig. 2(a) increases rapidly near E corr , and then shows a slightly flat region from near E corr to À1:63 V and lastly subsequently increases independent of the [Cl À ]. The reduction of dissolved oxygen would occur (eq. (4)) 20) accompanied with the hydrogen evolution (eq. (2)), which leads to the higher E corr value in nondeaerated media as comparing with that in deaerated media.
It can be concluded that the cathodic process of AZ31 alloy depends on the hydrogen evolution and the oxygen reduction in nondeaerated media. The water reduction and the oxygen dissolution might produce more OH À ions and lead to the increase in pH near the surface. On the other hand, the I ano in 0:01$0:1 mol/L nondeaerated media show the steady passive regions (Fig. 2(a) ), suggesting the increase of the protective film and the suppression of the anodic reaction. This protective film in the nondearated solution also suppresses the cathodic reaction. So, I cath at À1:60 V in nondeaerated media is smaller than that in deaerated media as shown in Fig. 3. Figure 4 shows the time variations of the current densities on AZ31 Mg alloy polarized potentiostatically in the 0.01 mol/L NaCl solution at various potentials. As shown in Fig. 4(a) in nondeaerated media, the I at À1:44 V initially increases to 1.2 A/m 2 and decreases to a constant value 0$0:05 A/m 2 after 10.8 ks polarization. When the potential was at À1:40 V, the I increases to 0.25 A/m 2 initially and decreases to about 1 A/m 2 after 10.8 ks polarization, and then increases again to 1.9 A/m 2 until polarization of 72 ks. However, at À1:35 V of polarization, the I continuously increases and reaches a constant value about 4 A/m 2 . In our previous work, 21) a corrosion map in terms of electrode potential and [Cl À ] on AZ31 alloy was obtained using electrochemical measurements. It was found that there are the corrosion and passivation zones in the dilute NaCl solutions. The specimen in the 0.01 mol/L solution polarized at À1:44 V is under the passivation zone in stage II, while those at À1:40 V and À1:35 V are under the corrosion zone in stage III. Pitting occurred and was passivated in stage I as the I increased and then decreased. The I at À1:40 V in stage III exhibits the similar value (1 A/m 2 around) with that at À1:44 V before 10.8 ks in stage I. However, it shows the different stage attributing to the pits growth observed on the surface, in which the pits depth at À1:44 V increased and stop growth after 10.8 ks polarization since the corrosion products were covered on the broken-down surface, leading to the hindrance of the current density flowing through the pits. Meanwhile, the pits depth at À1:40 V after 10.8 ks polarization increased continuously with the increased I from 1 A/m 2 to 1.9 A/m 2 until polarization of 72 ks. In deaerated media, as illustrated in Fig. 4(b) , all specimens show a similar tendency in the current density. The peak I about 1.1 A/m 2 appear at 0 ks for polarization at À1:50 V, À1:44 V and À1:40 V, respectively. The peak I at À1:50 V steeply decreases to reach a value about À0:07 A/m 2 within 0.18 ks polarization showing the complete passivation. The current transient suggests the immediate growth of the surface film within 0.18 ks polarization. 20, 22) The I at À1:44 V shows a stepwise decrease for 7. 2 that the specimen is located in the passivation state. Figure 5 shows the change in the surface morphology of AZ31 Mg alloy polarized potentiostatically in the 0.01 mol/L NaCl solution at various potentials for 72 ks. In nondeaerated media, the localized corrosion (pitting and filiform corrosion) is observed for polarization at À1:44 V, À1:40 V and À1:35 V (Figs. 5(a)-(c) ). The specimen polarized at À1:44 V exhibits the passivation characterization due to the fact that the pitting and filiform corrosion products are covered on the broken-down surface and retard the diffusion of the dissolved metal ions in the pits areas. 17) However, the specimens polarized at À1:40 V and À1:35 V showed the increased pit depths with increasing time from 3.6 ks to 72 ks leading to the continuous corrosion attack although the corrosion products were covered on the surface. 22) Zhang et al. 23) found that the corrosion product played an important role on the growth of corrosion pits on SUS304 steel in NaCl solution. The current density for pit growth was much higher than that applied on the entire surface. In our study, it is considered that the different surface products probably affect the corrosion process for the specimens polarized at À1:44 V and À1:40 V. We previously analysed the surface products in the 0.01 mol/L NaCl solution, in which Mg(OH) 2 and Mg 5 (CO 3 ) 4 (OH) 2 Á8H 2 O mainly present in the corrosion zone while the latter one was found in the passivation zone. 21) Meanwhile, the higher hydration of the surface components gave a continuous corrosion attack of the metallic surface in the corrosion zone. That is, the current density for the pit growth (Fig. 4(a) ) increases is due to the Mg(OH) 2 as a main product in the corrosion zone.
Potentiostatic polarization test
On the other hand, the specimens polarized at À1:44 V and À1:40 V show even surfaces with a relatively homogeneous distribution of the corrosion products in deaerated media (Figs. 5(d)-(e) ). The surface roughness for polarization at À1:40 V is higher than that at À1:44 V, which may be attributed to the competition between the pH near the surface and the deaerated media governed by the ion diffusion, controlled using the N 2 gas. The specimens polarized at À1:35 V (Fig. 5(f) ) exhibits the localized corrosion and is repassivated by the corrosion products after 42 ks. Besides, all specimens exhibit a similar trend in the pit depth without expanding with increasing polarization time, suggesting that the anodic reaction is retarded and the specimens are in the passivation state. It can be assumed that the formation of a kind protective film on the AZ31 surface depends on the deaeration of the electrolyte. Figure 6 summarizes two zones of AZ31 Mg alloy polarized potentiostatically in nondeaerated and deaerated 0.01 mol/L NaCl solutions at various potentials. Corrosion (III) and passivation (II) zones are obtained from potentiostatic measurements and morphology examinations. The potentiostatic experiments in both media in the 0.1 mol/L solution showed the similar results with those in the 0.01 mol/L solution. It is evident that AZ31 alloy has a better corrosion resistance in deaerated media. However, this result is contrary to that in the potentiodynamic measurements with the accelerated dissolution of Mg 2þ ion by degassing in deaerated media, as shown in Fig. 2 . To explain this interesting phenomenon, the influence of CO 2 on AZ31 Mg alloy was studied in the following experiment.
3.4
Influence of the addition of NaHCO 3 to NaCl solutions Figure 7 shows the polarization curves obtained for various NaHCO 3 concentrations in nondeaerated and deaerated 0.01 mol/L NaCl solutions. Considering that CO 2 transforms into HCO 3 À in nondeaerated media, 8) NaHCO 3 was introduced in the supporting electrolyte to define the role of CO 2 due to the stable HCO 3 À at pH 7 to 10. Figure 8 shows the [HCO 3 À ]/[Cl À ] variations of E corr and I ano at À1:50 V (vs. SCE) and at À1:30 V (vs. SCE) on AZ31 Mg alloy obtained from the polarization curves, respectively. In Fig. 7 , an increase of [HCO 3 À ] leads to a decrease of I cath , a shift of E corr towards the less noble potential regardless of any media. The decrease of I cath may be attributed that the corrosion products consisting of CO 3 2À and OH À ions show some protectiveness which retards the cathodic reaction. (Fig. 8) . However, in deaerated media, the I ano at À1:50 V increases while that at À1:30 V almost reaches the same value with increasing
, indicating that the anodic reaction was limited by the ion diffusion at the potential distance from E corr . The less noble shift of E corr means that the surface film becomes less protective as the NaHCO 3 concentration increases. Meanwhile, we found previously that the relatively higher peaks intensities by XPS attributed to MgCO 3 and Cl atomic concentration exhibited in the corroded area (in the corrosion zone) as comparing to those in the passivation film. 25) It assumed that the co-adsorption of the CO 3 2À and Cl À ions on the material acts as a corrosion stimulator leading to the removal of the initial hydroxide and the continuous dissolution of the metallic surface in the corroded area.
In the potentiostatic measurement in Fig. 4 , the specimens show a lower corrosion resistance in nondeaerated media which is assumed that CO 2 naturally existed in air can affect the corrosion process. CO 2 dissolves and transforms into HCO 3 À /CO 3 2À ions in the surface electrolyte. The coadsorption of the CO 3 2À and Cl À ions on the metal acts as a corrosion stimulator in the polarization process, which leads to the dissolution of the Mg(OH) 2 film. On the other hand, the growth of Mg(OH) 2 film was retarded by the diffuse away Mg 2þ and OH À ions by the flow and the chemical dissolution of Mg(OH) 2 film might be accelerated by the increase of the rotation speed due to the prevention of the pH increase near the surface. 17) In our study, it can be considered that the dissolution of Mg 2þ ion might be accelerated by the flow of degassing condition as the I is located to the high value after immersion, as shown in Fig. 4(b) . Meanwhile, the E ocp in Fig. 1(b) indicates the unstable pH by stirring without oxygen in 3.6 ks immersion, which stands the early stage of potentiostatic polarization. Then the formation of the Mg(OH) 2 film initially covered on the surface of the material probably hinders the current density flowing through the surface as the I gradually decreased to 0$0:05 A/m 2 with increasing polarization time (Fig. 4(b) ), which retards the diffusion of the dissolved metal ions.
Conclusion
The corrosion behavior of AZ31 Mg alloy in the nondeaerated and deaerated dilute NaCl solutions was investigated by electrochemical measurements.
(1) The hydrogen evolution and the oxygen reduction work as the cathodic reactions in nondeaerated media, while the hydrogen evolution is dominant in deaerated media. (2) In the potentiostatic measurements in deaerated media, the current density reached a peak during the initial immersion and then showed a stepwise decrease getting into the passivation state by a homogeneous distribution of Mg(OH) 2 product with increasing polarization time. It reveals that AZ31 alloy has a better corrosion resistance in deaerated media after a long immersion. In the 0.01 mol/L solution, passivation zone was observed in deaerated media up to À1:35 V (vs. SCE) while the corrosion and passivation zones occurred in nondeaerated media. (3) Experiments in the 0.01 mol/L NaCl solution containing various concentrations NaHCO 3 showed that the corrosion behavior of AZ31 alloy depends on the NaHCO 3 concentration. It means that the presence of CO 2 naturally in nondeaerated media may affect the corrosion process.
